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Coding of Azimuthal Directions
via Time-Compensated Combination







Many animals use the sun as a reference for spatial ori-
entation [1–3]. In addition to sun position, the sky pro-
vides two other sources of directional information, a
color gradient [4] and a polarization pattern [5]. Work
on insects has predominantly focused on celestial po-
larization as an orientation cue [6, 7]. Relying on sky
polarization alone, however, poses the following two
problems: E vector orientations in the sky are not
suited to distinguish between the solar and antisolar
hemisphere of the sky, and the polarization pattern
changes with changing solar elevation during the
day [8, 9]. Here, we present neurons that overcome
both problems in a locust’s brain. The spiking activity
of these neurons depends (1) on the E vector orienta-
tion of dorsally presented polarized light, (2) on the az-
imuthal, i.e., horizontal, direction, and (3) on the wave-
length of an unpolarized light source. Their tuning to
these stimuli matches the distribution of a UV/green
chromatic contrast as well as the polarization of natu-
ral skylight and compensates for changes in solar ele-
vation during the day. The neurons are, therefore,
suited to code for solar azimuth by concurrent combi-
nation of signals from the spectral gradient, intensity
gradient, and polarization pattern of the sky.
Results and Discussion
Experiments in ants and bees suggest that insects can
derive compass information from the position of the sun,
from the polarization pattern, and from the chromatic
gradient of the sky (Figure 1) [10–12]. Although progress
has been made on the neuronal basis of the polarization
compass, especially in crickets and locusts [13–15],
neural correlates of a sun compass or a chromatic com-
pass have hitherto not been discovered in any animal
species [3]. We show that interneurons in the anterior
optic tubercle in the locust (Schistocerca gregaria) brain
may be suited to extract compass information from the
sky chromatic contrast, as well as from its polarization
pattern. The neurons are sensitive to polarized blue light
and, in addition, show UV/green-opponency to unpolar-
ized light [16]. Their morphology is well established. Two
cell types, the lobula-tubercle neuron (LoTu1) and the
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optic tubercles in both hemispheres [17]. The third type,
the tubercle lateral-accessory-lobe neuron (TuLAL1b),
connects the lower unit of the tubercle with the lateral
accessory lobe of the brain [17].
To test the responses of the neurons to a color gradi-
ent related to sun position, we analyzed the positional
tuning of these neurons to unpolarized green (530 nm)
and UV (350 nm) light spots moved around the animal
at an elevation of 45. To test for E vector sensitivity,
we compared these data to the orientation tuning of
the neurons to dorsally presented polarized light (blue,
470 nm). Experimental animals were raised in a green-
house with unobstructed view to the sky. We recorded
intracellularly from the three types of POL-neuron
(LoTu1: n = 15, TuTu1: n = 23, and TuLAL1b: n = 6).
Forty-two of these neurons (95%) showed significantly
azimuth-dependent responses to a green light spot.
The responses to UV light, tested in 30 of these experi-
ments, showed significant directedness (i.e., signifi-
cantly depended on stimulus azimuth) in 27 neurons
(90%).
LoTu1 neurons exhibited a background activity of
8.9 6 5.6 impulses/s in darkness. Polarized blue light
presented dorsally elicited tonic excitation that was
sinusoidally modulated by the rotating E vector (Fig-
ure 2A). A green, unpolarized light spot moving around
the head of the animal resulted in strong excitation of
the neuron when presented in its ipsilateral visual field
but had no effect on the contralateral side (Figure 2B).
When the animal was stimulated with a spot of unpolar-
ized UV light, LoTu1 neurons were inhibited when the
stimulus was in the ipsilateral visual field (Figure 2C).
TuTu1 neurons had a background activity of 30.2 6
11.1 impulses/s. The responses to all stimuli were more
complex than those measured in LoTu1 neurons. In con-
trast to LoTu1 neurons, TuTu1 cells showed polarization
opponency, i.e., they were maximally excited by a cer-
tain E vector orientation (FmaxPOL), and were maximally
inhibited by an E vector orientation perpendicular to
FmaxPOL (Figure 2D). When an unpolarized, green light
spot was moved around the animal’s head, TuTu1 was
inhibited when the stimulus appeared in the ipsilateral
field of view and was excited when the stimulus was pre-
sented contralaterally (Figure 2E). An unpolarized UV
light spot caused strong excitation in the ipsilateral field
of view and, in seven out of 13 recordings (54%), inhibi-
tion when presented contralaterally (Figure 2F). Thus,
TuTu1 neurons exhibit color opponency combined with
spatial opponency that would help to distinguish be-
tween the solar and antisolar hemisphere of the sky.
TuLAL1b neurons had a background activity of 19.3 6
5.8 impulses/s. Their response properties were similar
to those of LoTu1 neurons (Figures 2G–2I). Polarized
blue light with rotating E vector led to sinusoidal modu-
lation of activity with no or very little inhibitory effects
[17]. A green light spot caused excitations, whereas UV
light inhibited the neurons. Depending on the individual
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961Figure 1. Polarization Pattern of the Blue Sky
(A) Polarization pattern of the sky at a solar
elevation of 53. Orientation and thickness
of the blue bars indicate E vector orientation
and degree of polarization as seen by an ob-
server in the center (C) of the sphere. E vector
orientation is always perpendicular to a great
circle (red) that is defined by connecting a
given observation point in the sky (O) with
the position of the sun (S). Along the solar me-
ridian (yellow line through the sun) and in the
zenith (Z), the azimuth of the sun (SAz) can be
directly inferred from the E vector orientation
irrespective of the elevation of the sun. For all
other observation points in the sky, the inter-
section point (I) between the horizon and the great circle through O and S differs from (SAz) by the azimuthal difference between I and SAz. This
panel is adapted from [21].
(B) Zenithal projection of solar elevation and E vector orientation for four times of August 1, at 23.4N, 5.2E. Circles represent elevation, and
straight lines represent azimuth. In the course of the day, E vectors that do not lie on the solar meridian (0–180 line) change their orientations.
In the vicinity of the sun (see E vectors at an azimuth of 45), the orientation changes more strongly than at larger azimuthal distances (E vectors at
89 azimuth). Close to the sun, the relation between solar elevation and E vector orientation is highly nonlinear.neuron, these responses occurred when stimuli ap-
peared in the ipsilateral or contralateral field of view.
When the individual E vector preferences of all LoTu1
neurons we recorded in this study are plotted, the result-
ing distribution does not differ significantly from ran-
domness (Figure 3A, Rayleigh test, p = 0.394, length of
mean vector r = 0.252). This is different from our previ-
ous results obtained in laboratory-raised animals [17];
those results revealed common mean E vector prefer-
ences of 41 and 134 for LoTu1 neurons of the right
and left hemisphere of the brain, respectively. In con-
trast to the E vector tuning, the distribution of preferred
azimuth positions of the unpolarized green light spot
showed highly significant directedness (Rayleigh test,
p = 8.92$1027, r = 0.882) with a mean angle of 94 6 29
angular deviation (Figure 3B). The distribution of the pre-
ferred azimuth positions of the unpolarized UV light spot
had a mean at 355 (Figure 3C), however, with a much
larger angular deviation of 661 (Rayleigh test, p =
0.048, r = 0.571). This broad tuning range results from
the low background activity of LoTu1 neurons. As a con-
sequence, the positional tuning of the inhibitory re-
sponse to the UV stimulus is considerably more variable
than the tuning of excitation to the green light (compare
Figures 2B and 2C).
In TuTu1 neurons, the angular distributions for
FmaxPOL, Fmaxgreen, and FmaxUV differ significantly
from randomness (Figures 3D–3F, Rayleigh test, POL:
p = 0.002, green: p = 1.12 $ 1026, and UV: p = 0.003). As
in LoTu1 neurons, the dispersion (measured by the
length of the mean vector r) is largest for polarized light
(r = 0.531), smaller for unpolarized UV (r = 0.646), and
smallest for unpolarized green light (r = 0.751). For a set
of angles, r would be 1 if all angles were identical and
0 if their distribution was totally random. The distribution
ofFmaxgreen across all TuTu1 recordings is bimodal with
the two mean angles at 237 6 17 and 316 6 9. This
corresponds to the fact that there are two TuTu1 neurons
per brain hemisphere [17]. Our previous studies showed
that approximately 20 TuLAL1b neurons are present in
each hemisphere of the locust brain [18]. Each TuLAL1b
neuron showed a different tuning to the polarized and un-
polarized lights, suggesting that the population of
TuLAL1b is well suited to encode the sun’s azimuth.On the basis of its chromatic contrast, i.e., the ratio
between long and short wavelength light, the natural
canopy can be divided into two halves: a solar half dom-
inated by light of long wavelengths and an antisolar half,
with a relatively smaller content of long wavelength light
[4]. The color opponency of both LoTu1 and TuTu1 neu-
rons to green and UV light is well suited for discriminat-
ing between the solar and the antisolar half of the sky on
the basis of its UV/green contrast. The difference in tun-
ing width to green light (narrow) and UV light (broad) cor-
responds well to behavioral experiments in honeybees.
When dancing forager bees were given only unpolarized
chromatic cues for orientation, they interpreted a green
light as sun (little variation in dancing directions), but
they interpreted a UV light as somewhere within the an-
tisolar hemisphere of the sky (large variations in dancing
directions) [11].
In contrast to Fmaxgreen, FmaxPOL tunings both in
LoTu1 and TuTu1 neurons were not consistent across
different recordings. We wondered whether the differ-
ences in FmaxPOL tunings might reflect diurnal changes
in solar elevation. For all points that are not along the so-
lar meridian in the sky, the angular distance between E
vector orientation in the sky and solar azimuth depends
on solar elevation and, therefore, on time of day (Fig-
ure 1B, see also Figures S2 and S3A in the Supplemental
Data available online). We, therefore, calculated for each
recording the angular difference, DFmax, between
FmaxPOL and Fmaxgreen and plotted DFmax against
the time of day of the recording (Figure 4A). DFmax was
smallest at approximately noon and became larger in
the afternoon and evening (Figure 4A). We did not notice
any systematic difference when comparing the data
from the three types of neuron.
To determine whether the relationship betweenDFmax
and time of day might reflect changes in the celestial E
vector orientation in the course of the day (Figure 1B),
we binned the absolute values of DFmax, calculated
the means, and fitted celestial DF functions to the data
(Figure 4B). These functions describe the angular differ-
ence between solar azimuth and E vector orientation for
individual points of an ideal natural sky (see Supplemen-
tal Data for formulas). The DF functions were calculated
for a point in the sky at 60 elevation. This corresponds
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962Figure 2. Response Characteristics of a LoTu1, a TuTu1, and a TuLaL1b Neuron to Three Different Stimulation Regimes
(A) The LoTu1 neuron is activated by all E vector orientations of polarized blue light but shows maximum response at an E vector orientation of
95/275 (FmaxPOL; Rayleigh test, p = 0.014). Red circles in this and all other graphs indicate background activity. Error bars indicate SD.
(B and C) Depending on wavelength, ipsilateral, unpolarized light leads to strong excitation ([B]: green light, Fmaxgreen = 111
, p < 10212) or to
inhibition ([C]: UV light, FmaxUV = 313
, p = 2.13$1027). Contralateral stimulation with either color has no effect.
(D–F) The TuTu1 neuron shows polarization opponency (polarized light excites or inhibits the cell depending on E vector orientation, [D]:
FmaxPOL = 4
/184, p = 10212), color opponency (green and UV lead to opposite effects on spiking rate), and spatial opponency (different
positions of the same stimulus lead to opposite effects on the spiking rate, [E]: Fmaxgreen = 303
, p = 9.4$10211 and [F]: FmaxUV = 101,
p < 10212). Inhibition by contralateral UV light (as shown in [F]) was seen in seven of 13 recordings.
(G) A TuLAL1b neuron is activated by most E vector orientations ([G]: FmaxPOL = 95
, p = 0.004).
(H and I) Similar to LoTu1, TuLAL1b is excited by green light ([H]: Fmaxgreen = 318
, p = 0.004) and is inhibited by UV light ([I]: FmaxUV = 50,
p = 1.3$1024).to the visual axes of photoreceptors of the dorsal rim
area of the eye; these photoreceptors provide polariza-
tion input to the neurons studied here [19]. The first
fitting curve (Figure 4B, blue) was calculated for August
1 and the geographical coordinates of Marburg (50.8N,
8.8E) to match the sky conditions during rearing of the
experimental animals. The resulting curve shows a gen-
eral change in DF as observed in our experiments (min-
imum at approximately noon, increase toward early
morning and late afternoon), but the coefficient of deter-
mination, the proportion of variability that is accounted
for by the model in the dataset, is low (R2 = 0.306, Fig-
ure 4B). For a second fit (Figure 4B, red), we changedthe geographical coordinates to the Tropic of Cancer
(23.4N, 5.2E) to match the natural habitat of the ani-
mals in northern Africa. The resulting DF curve more
closely matches the experimental data (R2 = 0.90).
These results show that daytime changes in E vector ori-
entations relative to solar azimuth (DF) are compen-
sated for by daytime changes in E vector tuning of the
neurons. Quantitatively, the internal changes in DF ap-
pear to have a strong genetic component because they
much better match the solar ephemeris functions in the
locusts’ natural habitat in northern Africa than the rear-
ing conditions in Marburg. It should be noted that both
fitting curves are only valid for a single viewing azimuth
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963Figure 3. Distribution of Fmax Values in LoTu1 and TuTu1 Neurons
The distribution of E vector tunings of LoTu1 neurons is not significantly different from randomness ([A], Rayleigh test, p = 0.394, length of mean
vector r = 0.252, n = 15), but the distributions of Fmax values in response to unpolarized light differ significantly from randomness ([B]: green,
p = 8.92 $ 1027, r = 0.882, n = 15; and [C]: UV, p = 0.048, r = 0.571, n = 9). All distributions of Fmax values from TuTu1 neurons (D–F) differ signif-
icantly from randomness ([D]: polarized blue light, p = 0.002, r = 0.531, n = 21; [E]: green, p = 1.12 $ 1026, r = 0.751, n = 21; and [F]: UV, p = 0.003,
r = 0.646, n = 13). Although the green response shows two preferred directions (237 and 316), there is only one peak in the distribution of Fmax
values for UV (107 6 54).(32 relative to solar azimuth for the Marburg fit, 89 for
the Tropic of Cancer fit). The fit for Marburg results in
a position in the sky close to the sun with low degree
of polarization, whereas the calculations for the Tropic
of Cancer result in a fit for a position in the sky at right
angle to solar azimuth, i.e., when the sun is behind the
animal (Figure 1B).
The consistent azimuthal tunings of the neurons to
green light (Figures 3B and 3E) indicate that the neuronsdo not compensate for daytime-dependent changes in
solar azimuth. That computation, essential for a long-
range migrant such as the desert locust, is probably per-
formed more centrally, after integration of the signals
from both eyes [15]. The relative contributions of signals
from sky polarization and direct sunlight for azimuth
coding of the neurons are likely to change during the
day. When the sun is visible, it will probably dominate
over the contribution from the polarization channel, bothFigure 4. Daytime Dependence of Angular
Difference DFmax between FmaxPOL and
Fmaxgreen
(A) Angular difference DFmax between
FmaxPOL and Fmaxgreen plotted against
time of day of the recordings. Yellow squares
represent LoTu1 neurons, green circles rep-
resent TuTu1 neurons, and violet triangles
represent TuLAL1b neurons.
(B) Absolute values of the data in (A) were
binned into 72 min bins. Mean angles and
mean angular deviations were plotted against
the bin centers. Celestial DF functions fitted
to the data are shown in red and blue. These functions describe the angular difference between solar azimuth and E vector orientation for in-
dividual points of an ideal natural sky. Both fits were calculated for August 1 (within the rearing period of the animals) and 60 elevation above
the horizon according to the visual axis of the DRA. The blue fit line is calculated for the coordinates of Marburg, Germany (50.8N, 8.8E),
R2 = 0.306, viewing azimuth = 32. The red fit line is calculated for the Tropic of Cancer (23.4N), which is in the natural habitat of the locusts.
R2 = 0.900, viewing azimuth = 89, and longitude = 5.2E. The fitting results for the coordinates of Marburg do not change when the bin width
is changed to 45 min, 60 min, or 90 min. Slight changes in the fitting results occurred for the Tropic of Cancer, but the results for the 72 min
bins most closely match the fit obtained if the data were not binned.
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LoTu1 neurons, the response to green unpolarized light
is considerably stronger than the response to polarized
light (scales in Figures 2A and 2B). When TuTu1 neurons
have their highest activity (contralateral sunlight), the
polarization-sensitive photoreceptors of the dorsal rim
area face the solar half of the sky and receive little input
because of its small degree of polarization. In contrast,
when the sun is at or below the horizon, the polarization
pattern is likely to dominate and provides rather accu-
rate information on the solar azimuth (see Figure S2).
The general shift in tuning angle between FmaxPOL and
Fmaxgreen with increasing solar elevation allows the
animal to use the polarization channel for an estimate
of its orientation during the day, when the view of the
sun is obstructed.
Conclusions
Our results provide new general insights into how sky
compass information may be computed at neuronal
levels. By combination of responses to the UV/green
contrast and the polarization pattern of the sky, neurons
of the optic tubercle of the locust are likely to provide a
robust compass signal that eliminates the ambiguity in
solar-azimuth coding from the polarization signal alone.
The compensation for diurnal changes of celestial infor-
mation due to changes in solar elevation may enable the
animal to reliably estimate its orientation independent of
the time of day.
Experimental Procedures
Electrophysiology
Experiments were performed between September 23 and October
27 on adult, gregarious locusts (Schistocerca gregaria) from our lab-
oratory colonies. Animals were raised in a greenhouse with clear
glass that transmitted the natural polarization pattern of the sky.
We recorded intracellularly from neuronal processes in the vicinity
of the anterior optic tubercle. Some of the cells were injected with
Neurobiotin (Vector Laboratories, Burlingame, UK) and were later
stained with Cy3 conjugated to Streptavidin (Amersham Buchler,
Brunswick, Germany) in whole-mount preparations. The three cell
types were discriminated either by their morphology or by their spik-
ing patterns and response properties (see Supplemental Data).
Stimulation
We presented polarized light stimuli dorsally, by passing the light of
a blue LED (Luxeon LED emitter, LXHL-BB01, 1 W, 470 nm, Philips
Lumileds Lighting Company, San Jose, CA) through a polarizer
(HN38S, Polaroid, Cambridge, MA) rotating at 30/s. The stimulus
had an irradiance of 12 mW cm22 and subtended an angular size of
6.6.
We produced unpolarized green (530 nm) and UV (350 nm) light
stimuli of equal photon flux (9.2 $ 1013 photons cm22 s21) by passing
light from a xenon arc lamp (XBO 75 W) through interference filters,
a neutral density wedge, and a quartz light guide. The stimuli ap-
peared to the animal as 16.3-diameter discs that moved in a circular
path (30 s21) around the center of the head at an elevation of 45.
Data Evaluation
Spike trains were digitized with a CED 1401 plus (Cambridge Elec-
tronic Design Limited, Cambridge, UK) at 25 kHz and were pro-
cessed with a spike2 script. Spike times were evaluated via thresh-
old detection and were converted to angles according to the
position of the stimulus at the time of each spike. The preference an-
gle (Fmax) was found by calculation of the mean of the angles during
one to six revolutions of the stimulation device, with the trigonomet-
ric functions methods [20]. Neurons were regarded sensitive toa stimulus if the distribution of angles differed significantly from ran-
domness (Rayleigh test, a = 0.05, with Oriana 2.02b, Kovach Com-
puting Services, Anglesey, UK). The Rayleigh test of uniformity cal-
culates the probability, of the null hypothesis, that a given sample of
angles is distributed in a uniform manner [20].
Supplemental Data
Additional Experimental Procedures, Discussion, and three figures
are available online at http://www.current-biology.com/cgi/content/
full/17/11/960/DC1/.
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